13 14 Dedicated to the memory of Bernd Fischer 15 16 SUMMARY 17 The contribution of posttranscriptional regulation of gene expression to neural stem cell 18 differentiation during tissue homeostasis remains elusive. Here we show highly dynamic 19 changes in protein synthesis along differentiation of stem cells to neurons in vivo. 20 Examination of individual transcripts using RiboTag mouse models reveals that neural stem 21 cells efficiently translate abundant transcripts, whereas translation becomes increasingly 22 controlled with the onset of differentiation. Stem cell generation of early neuroblasts involves 23 translational repression of a subset of mRNAs including the stem cell-identity factors Sox2 24 and Pax6 as well as translation machinery components. In silico motif analysis identifies a 25 pyrimidine-rich motif (PRM) in this repressed subset. A drop in mTORC1 activity at the 26 onset of differentiation selectively blocks translation of PRM-containing transcripts. Our data 27 uncovers how a drop in mTORC1 allows robust simultaneous posttranscriptional repression 28 106 3b). First we validated enrichment of the expected population-specific marker genes in the 107 RIBO+ and RNA fraction by quantitative RT-PCR (Extended Data Fig. 3a,c). Thereafter we 108 profiled the RNA from the RNA, RIBO+ and RIBO-fractions by next generation sequencing. 109 129 normalization. Thus, in order to identify transcripts, whose binding to ribosomes is post-130 transcriptionally controlled, we fit a linear model to explain the RIBOseq data by the RNAseq 131 data (representing default translation) and the RIBO-controls (representing background 132 binding) for each stage of interest (Fig. 4a). To identify targets with high confidence, we 133 restricted our analysis to protein coding, highly abundant transcripts (read count > 1000 in 134 RNAseq). Transcripts that were less abundant in RIBOseq compared to RNAseq (and RIBO-) 135 were entitled "repressed", suggesting that active mechanisms prevent them from ribosome 136 157 Stage-specific repression of Sox2 translation 158 We next focused on the exit of the stem-state for transitioning into migrating ENBs. This is 159 the first stage showing substantial control of ribosome binding of abundant mRNAs. Notably, 160 the subset of repressed transcripts comprised multiple ribosomal genes as well as the 161 prominent developmental transcription factors Pax6 and Sox2 (Fig. 4d). Sox2 and Pax6 have 162 a highly evolutionary conserved role in determining the stem cell identity of embryonic and 163 7 adult radial-glial progenitors together with Sox9 20 . In addition Sox2 is one of the factors used 164 to reprogram somatic cells into pluripotent stem cells 21 . To validate Sox2 sequencing profile 165 ( Fig. 5a ), we applied parallel in situ hybridization (ISH) for Sox2 mRNA and 166 immunohistochemistry (ICC) for Sox2 and Dcx protein in the Tlx-reporter mice. This 167 allowed simultaneous assessment of Sox2 mRNA and protein in NSCs and ENBs ( Fig. 5b-d 168 and extended Fig. 5c ). While both NSCs and ENBs showed substantial levels of Sox2 169 mRNA, protein expression was mostly limited to NSCs (Fig. 5c,d) . Interestingly, ENBs 170 produce little Sox2 protein even when containing high levels of its mRNA. Comparison of 171 protein expression to mRNA abundance revealed a 2.8-fold reduction of Sox2 translation 172 efficiency from NSCs to ENBs. In addition, we independently confirmed that Sox2 shows 173 highest translation efficiency in NSCs as compared to NPs and ENBs in freshly sorted SVZ 174 cells via ISH and ICC but also via WB and qRT-PCR ( Fig. 5e and Extended Data Fig. 5a-d ).
of key stem cell identity-factors and translation-components and thereby stemness exit and 29 migration.
31
To generate olfactory bulb interneurons in the adult brain, ventricle-contacting NSCs exit the Sequencing results confirmed high enrichment for cell type specific transcripts both at the 110 level of transcriptome (RNAseq) and translatome (RIBOseq)( Fig. 3 a,b ; Supplementary Table   111 1). While NSC transcripts were mostly restricted to NSCs in the SVZ, neuroblast genes were 112 already expressed at the level of NSCs (Fig. 3a) . Similarly, expression of neuronal transcripts 113 started already at the immature stage of LNBs (Fig. 3b ). To further investigate the 114 transcriptome and translatome, we performed differential expression analysis for stage 115 transitions solely based on RNAseq or RIBOseq data, respectively ( Fig. 3c- Supplementary Tables 2, 3) . Notably, the key core-regulators of neural 117 development were represented in the transcriptome and translatome throughout the transition 118 between the different differentiation stages (RNAseq and RIBOseq overlap) ( Fig. 3c-e ).
119
Collectively, these data demonstrate that our system can be used to obtain high purity 120 population (Extended Fig. 1c-e ) and for integrated stage-specific transcriptome and 121 translatome analysis.
123
Transcriptome and translatome diverge during lineage progression 124 Intriguingly, our analysis additionally revealed the existence of subsets of genes that are 125 either less or more efficiently loaded onto ribosomes as compared to available mRNA ( Fig.   126 3c-e). Besides, it showed a surprisingly low overlap between RIBO-seq and RNA-seq in the 127 transition from ENB to LNB (Fig. 3d ). This is the only comparison of cells extracted from 128 two different regions, SVZ for NSC and OB for ENB, which highlighted the need of association. In contrast, transcripts with higher ribosome association than expected based on 137 RNAseq data and RIBO-data were entitled "enhanced", indicating that their ribosome 138 association is actively promoted. Our analysis revealed that abundant transcripts readily bind 139 to ribosomes in NSCs (Fig. 4b ,c,f and Supplementary Table 4 ), indicating little post-140 transcriptional regulation as previously reported in homeostatic HSCs 19 . Excitingly, with the 141 onset of differentiation we observed a higher divergence of transcriptome and translatome 142 ( Fig. 4b ,c,f, Extended Data Fig. 4a , and Supplementary Table 4 ). Neurons showed the highest 143 degree of uncoupling between RNAseq and RIBOseq. Notably, most analyzed genes showed 144 either repressed or enhanced translation as compared to their mRNA levels emphasizing the 145 important role of posttranscriptional regulation for neuronal differentiation and function. The 146 analysis of explained variance also confirmed that translation efficiency justifies a 147 significantly higher fraction of the RIBOseq data in neurons as compared to RNA abundance 148 (Extended Data Fig. 4b,c ). We further examined the subset of transcripts sharing common 149 translational control at the different maturation stages ( Fig. 4d-f) . First, we observed many 150 transcripts exclusively repressed or enhanced at the ENB stage, some of which were validated 151 via western-blot (WB) and qPCR (Extended Fig. 4 d-f ). Second, LNBs and neurons exhibited 152 the highest share of repressed transcripts, indicating that post-transcriptional repression of 153 translation already starts at the LNB stage and is kept in neurons. Collectively, these data 154 indicate that with differentiation to mature neurons, cells enter a mode of increasing 155 dependency on posttranscriptional control.
156 Supplementary Table 5 ) that we coined pyrimidine rich motifs (PRMs) . A stretch of 191 pyrimidines is also found in 5' terminal oligopyrimidine (TOP) motifs, which are particularly 192 sensitive to translation-mediated by mTORC1 activity 22 . Unlike the classical TOP motifs, this 193 PRM is not always located at the terminal end of 5'UTR. Similarly to TOP-containing 194 transcripts, PRM was found in transcripts encoding components of the translation machinery, 195 such as ribosomal proteins (Fig. 6a, Extended Data Fig. 6a ). Interestingly, PRM-containing 196 transcripts were not repressed at the LNB stage despite the higher number of translationally 197 repressed transcripts at this stage (Fig. 6b ). Thus, we hypothesized that mTORC1 activity 198 might be low in ENBs and high in NSCs and LNBs. This assumption is in conflict with the 199 reported phosphorylation of 40S ribosomal protein S6 (rpS6), used as readout of mTORC1 200 activity, in proliferating neuroblast, but not in SVZ-neural stem cells 23 . In order to visualize 201 phosphorylation of rpS6 specifically in NSCs and ENBs in situ, we used the Tlx-CreER T2 -202 eYFP reporter mouse in combination with immunofluorescence staining for Dcx. Notably, 203 phosphorylation of rpS6 (pS6) was low in all ENBs while NSCs showed heterogeneous levels 204 of pS6, probably reflecting their different activation status (Fig. 6c ). We further assessed 205 expression of mTOR-related factors in freshly isolated ENBs and NSCs via WB. As predicted 206 from the Ribo-seq analysis (see supplemental material), ENBs exhibited a downregulation of 207 pS6 and phosphorylated-p70-S6K, and of total TSC2 and Rheb as compared to NSCs (Fig. 208 6d). In contrast, LNBs in the olfactory bulb showed significantly higher levels of pS6 than 209 neigbouring neurons (Extended Data Fig. 6f ). Interestingly, neurons of the mitral cell layer in 210 the olfactory bulb showed high pS6 levels (data not shown), suggesting variability between 211 different neuronal subtypes regarding mTOR activity, which might translate into protein 212 synthesis rates. Thus, the drop of mTORC1 in ENBs but not LNBs could be the reason for the 213 specific repression of PRM-transcripts in ENBs. To experimentally validate the role of 214 mTORC1 in translation of the PRM-transcript Sox2 in vivo, freshly isolated ENBs were mediates AKT activation of mTORC1 24 . ENBs were either treated with PI(3,4,5)P3 alone or 218 together with the mTOR inhibitor Torin1, which unlike rapamycin fully inhibits 219 mTORC1 22, 25 . Thereafter, levels of pS6 and Sox2 proteins were assesed by ICC in single 220 cells. First, this assay confirmed that NSCs exhibit higher levels of pS6 and Sox2 than ENBs 221 ( Fig. 6e ). Second, exposure of ENBs to PI(3,4,5)P3 highly increased pS6 levels in ENBs to 222 levels comparable to NSCs (Fig. 6e ). PI(3,4,5)P3-mediated pS6 increased could be inhibited 223 by Torin. Most importantly, PI(3,4,5)P3 also increased Sox2-protein levels in a mTORC1-224 dependent manner, as Sox2 protein expression could be repressed by Torin (Fig. 6e ). Next,
225
we wanted to examine the mTORC1-dependent rate of ribosomal load of PRM+ and PRM-226 transcripts. To this end we turned to NSCs cultures to increase the input material and be able 227 to gain cell-fractions with distinct ribosome content via sucrose gradient fractionation of 228 Torin1-or vehicle-treated NSCs. Most PRM+ transcripts but not PRM-ones, shifted to the 229 lighter fractions upon Torin1-treatment, indicating that their translation depends on mTORC1 230 activity (Extended Data Fig. 6d) . Surprisingly, this shift could not be detected for Sox2-231 transcripts (Extended Data Fig. 6d,e ). Therefore we compared the expression of mTORC-232 related factors in cultured NSCs to expression in freshly isolated NSCs and ENBs. In cultured 233 NSCs were left untreated or treated with Torin or the EGFR inhibitor, erlotinib. The latter 234 was used to mimick the loss of EGFR occurring in NSCs transitioning to ENBs. Both Torin 235 and Erlotinib treatment of NSCs in vitro led to a transient reduction in pS6 and 236 phosphorylated-p70S6K, but not to lowering expression of the mTORC1-activator Rheb as 237 found between freshly isolated ENBs and NSCs ( Fig. 6d and Extended Fig. 6 b,c). These 
248
Altogether these data underline the importance of studying the molecular underpinnings of 249 lineage transitions in vivo and unveils a yet unrecognized differential sensitivity of targets to 250 long-term and short-term mTORC1 inhibition that needs to be addressed in future studies.
251
Thus, our data uncovers a way of regulation of components of the translation machinery and 252 neurogenic transcription factors via modulation of mTORC1-activity in the natural 253 environment of the brain. An activation of mTORC1-activity is found in injured muscle stem 254 cells, which transit from a quiescent (G0) to a quiescent primed state to finally enter cell cycle 255 (G alert) 11 . Yet the specific transcripts underlying mTORC1-control of G alert in muscle cells 256 remain unknown. Most importantly, this might represent a more general mechanism by which 257 mTOR controls stemness.
259

DISCUSSION
260
Altogether, this study demonstrates that the rate of active protein synthesis is tightly 261 controlled during stem cell differentiation into neurons. This general activation of protein 262 synthesis is required to exit the dormant state in NSCs 2 and muscle stem cells 11 and to activate 263 differentiation in skin stem cells 8 and drosophila germline stem cells 27 . Notably, impaired 264 drop of mTORC1 by deletion of TSC1 in single SVZ-NSC in the rodent brain, led to 265 generation of Dcx-negative cells with immature radial-like morphology that were unable to 266 migrate out of the SVZ 28 . Our data indicates that the observed impaired neurogenesis is due to 267 loss of translation arrest in ENBs needed to repress stem cell identity prior to a re-268 establishment of protein synthesis in LNBs to allow neuronal maturation. There has been 269 long-standing discussions about the overall correlation of transcript-and protein abundance 270 with contradicting conclusions from identical datasets 29, 30 . However, with the forthcoming of refined mathematical models and latest technologies for quantification, it is believed that 272 mRNA levels largely explain protein abundance during steady state 31 
318
Future studies of N-6-methylated adenines should further our understanding of increased 319 translation efficiency in the frame of low mTORC1 activity for this set of transcripts.
320
In summary, our data offers a comprehensive genomic view on translational control during 321 neuron generation in the adult brain, adding a novel layer to our knowledge of the molecular 322 mechanisms controlling stem cell differentiation. Animals were sacrificed by cervical dislocation and brains were immediately placed on ice.
514
The lateral SVZ was microdissected as a wholemount as previously described 43 
591
The following primary antibodies were used for western blot analyses. Phos EGFR Tyr1068
592
(rabbit, 1:1000), EGFR (rabbit, 1:1000), phos S6 Ser240/244 (rabbit, 1:1000), S6 (rabbit, 593 1:10,000), phos p70 S6K Thr421/Ser424 (rabbit, 1:1000), p70 S6K (rabbit, 1:1000) and 594 Tuberin/TSC2 (rabbit, 1:1000) were from Cell Signaling Technologies; DUSP4 (rabbit, 595 1:800), RHEB (mouse, 1:1000), RPS20 (rabbit, 1:1000), Sox2 (rabbit, 1:1000), VASH2
596
(rabbit, 1:1000), vinculin (rabbit, 1:5000) were from Abcam; actin (rabbit, 1:1000) and RPL22 (mouse, 1:1000) were from Santa Cruz; Sp8 (rabbit, 1:1000) was from Millipor; PLP1 598 (chicken, 1:400) was from Neuromics; anti-HA (mouse, 1:1000) was from BioLegend.
599
For qPCR analysis of mRNA abundance in freshly sorted NSCs and ENBs, we collected 600 around 5,000 cells of each type. For primary NSCs in culture, around 10 5 cells were used.
601
Total RNA was extracted with the Picopure RNA isolation kit (Thermo Fisher Scientific). 
615
For tissue staining, mice were transcardially perfused first with HBSS and then with 4% PFA, 616 following overnight postfixation. Vibratome sections of 50-70µm were prepared for tissue 617 staining only, for RNA in situ hybridization cryosections of 11-13µm were prepared.
618
Following antibodies were used for ICC/IHC: anti-DCX (goat, Santa Cruz, 1:500), anti-DCX 619 (guinea-pig, Merck Millipore, 1:1000), anti-pS6 Ser240/244 (rabbit, Cell Signaling, 1:1000), 620 anti-NeuN (mouse, Merck Millipore, 1:500), anti-pH3 (mouse, Merck Millipore, 1:500), anti-621 GFAP (mouse, Merck Millipore, 1:1000), anti-GFAP (rabbit, Merck Millipore, 1:1000), anti-622 HA (mouse, Covance, 1:1000), anti-GFP (chicken, Aves, 1:1000), anti-RFP (rabbit, 1:1000),anti-Calretinin (rabbit, Merck Millipore, 1:1000), anti-GLAST (guinea pig, Frontier, 625 1:1000), anti-Mash1 (rat, RDI Fitzgerald, 1:500).
626
RNA in situ hybridization was performed using RNASCOPE Multiplex Fluorescent Assay 627 (Advanced Cell Diagnostics) with one major modification of the protocol: To allow 628 subsequent protein staining we skipped pretreatment steps as it is described in the 629 manufacturer's protocol and instead only did extended (15min, 95°C) heat-based target 
670
Hochberg. For RIBOseq data the same analysis was applied to analyze the differential 671 abundance of ribosome bound RNA.
672
To assess the translation efficiency, genes with an average log2 read count of at least 10 were Table 5 ). Only highly significant genes marked here in color (FDR=1%), Sox2 marked in black as an example for genes that are translationally repressed at the ENB stage. f, Comparison of repressed-and enhanced genes over stages reveals increasing overlap with progression of cells. LNBs and neurons feature high overlap of repressed genes (n=311). Rpl22 HA Percentage mRNA in fraction eEf1b2 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 
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